We have developed a method of coherent x-ray diffractive imaging to surmount its inability to image the structure of strongly strained crystals. We used calculated models from finite-element analysis to guide an iterative algorithm to fit experimental data from a series of increasingly bent wires cut into silicon-on-insulator films. Just before mechanical fracture, the wires were found to contain new phase structures, which are identified as dislocations associated with crossing the elastic limit.
Materials undergo elastic deformation whereby the applied external stress and the resulting strain follow a linear relationship, as can be nicely illustrated in stress-strain diagrams. However, when the applied external stresses exceed the elastic limit of the material, the linear stress-strain relation does not hold anymore. The elastic limit, where the linear region ends, for single-crystalline silicon is difficult to measure experimentally, and there is currently no consensus on the exact value. One of the difficulties for accurate measurement in semiconductor or metallic materials is that the complex microstructure couples with the anisotropy of elastic modulus, so the elastic limit for specimens of different microstructures of the same material can be different [1] .
Studies show that the breaking stress of silicon is measured to be around 1 GPa, with some variation depending on different sample preparation procedures [2] . Experimental measurements have shown that the fracture stresses of silicon wafers with thicknesses of several hundred microns are around several GPa [3] , with maximum experimentally determined values of 175 MPa [4] . Other studies have shown experimentally that breaking/fracture of singlecrystalline silicon occurs for fracture stresses between 40 and 110 MPa for various indent loads and flaw sizes [5] . Microstructuring of brittle materials such as Si leads to higher values of fracture stress than bulk because the crack/flaw size in microstructures is much smaller, according to Griffith's criterion [6] . Dislocation banding with up to 20% plastic deformation in float-zone silicon microstructures has been observed at room temperature from applied stresses of 5 GPa [7] . Studies show that superimposing a confining pressure of around 1.5 GPa on singlecrystal silicon produces large plastic strains at 300
• C with up to about 1 GPa of yield stress [8] .
Coherent x-ray diffraction (CXD) as a way to image strain
Here, we study the appearance of dislocations in bulk silicon by Bragg coherent x-ray diffraction imaging (BCDI), which is a sensitive method to probe these defect structures. A previous x-ray study [9] located the diffraction signal from a known dislocation loop by using coherent micro-diffraction technique. The characteristic flares from the defect were tracked around the loop, but no inversion of the data was attempted to obtain images. More recently, the strain fields surrounding dislocation loops have been imaged by the scanning x-ray ptychography CXD technique [10] .
In this work, we have imaged dislocations in silicon nanowires, fabricated using siliconon-insulator (SOI) technology, during bending by radiation-induced swelling of an adjacent oxide layer. We introduce a method for phasing the diffraction patterns, guided-phase-errorreduction (GPER), which makes use of quantitative finite element analysis (FEA) calculations to constrain the phasing. We have observed mixed types of dislocations in the reconstructed nanowire following the highest dose of x-rays. An abrupt change immediately beyond this dose indicates that the nanowires undergo mechanical breakdown upon further x-ray exposure.
An advantage of BCDI [11, 12] over other microscopy methods for investigating strain is due to its enormous potential for probing large three-dimensional (3D) buried structures without the need for slicing 3D objects [13] . BCDI allows us to investigate strain on the nanoscale within objects in their as-prepared state. No destructive thinning or other sample preparation is required, as is necessary for transmission electron microscopy. BCDI is able to investigate strains, seen as displacements from the atomic positions of an ideal crystal lattice. It allows measurement of strains of individual structures (with dimensions from 10 nm to > 1 µm) while other traditional x-ray diffraction techniques, such as reciprocal lattice mapping, obtain results by averaging many copies of the structure of interest [14] .
Strong phase limit
The lattice strains present in deformed crystals result in a 'geometrical phase' in the images obtained by the CXD methods [13, 28] . The unstrained background lattice of the crystal defines the reference position with a zero phase in the complex electron density function obtained from the measurements. The diffracted wave from any portion of the crystal which is displaced from the reference position becomes advanced or retarded in phase by the projection of the displacement onto the diffraction vector, Q, usually approximated by a reciprocal lattice vector [13] . A phase shift of 2π corresponds to a displacement of one lattice spacing and is invisible, while the intermediate phase shifts resulting from the local relaxations surrounding classical lattice defects are visible.
Most coherent diffraction imaging (CDI) phasing procedures make use of iterative algorithms such as hybrid-input-output [15] and error reduction (ER) [16] to solve the diffraction phase problem, using the property that the diffraction pattern is oversampled with respect to the spatial Nyquist frequency. Once phased, the diffraction patterns are Fourier transformed to 3D real-space images. However, these iterative algorithms are often found to fail when phasing the diffraction patterns of highly strained objects, with the algorithms failing to converge. The algorithms typically start failing when the image phase goes beyond about π/2, corresponding to one quarter lattice constant displacements, and have considerable difficulty with π phase shifts where the amplitude of one region of the crystal tends to cancel the neighboring ones. Strong phase objects are those containing phases close to or greater than 2π such that the images appear 'wrapped'. The reason strong phase structures are difficult to phase is that the phase structure can become multivalued, hence potentially ambiguous in the solution. When this happens, the phase function has to be constrained to remain a smooth function of position, as our new GPER method attempts to achieve.
Phase 'vortices', in which the phase undergoes a 2π rotation around a closed line in three dimensions, are a common artifact of failed convergence of the algorithms; unfortunately these structures closely resemble the structure of the strain field expected surrounding a dislocation loop. It is common to constrain the phase of the image to avoid these failures [12] .
Retrieving images from the CDI data measured from objects containing large strains is still under development, although there have been several successful attempts [14, 17] . Our GPER method uses calculated complex real-space models to guide iterative algorithms, leading to much better convergence. One reason strong-phase CDI is so difficult is the 'propagation nonuniqueness', whereby equivalent solutions can be generated by propagating along the optical axis, all of which possess the same far-field diffraction patterns [17, 18] . Since strain patterns in the sample and x-ray focusing artifacts can have similar phase distributions to an out of focus image, highly strained samples present a uniqueness problem to the phase retrieval algorithms which normally work in the case of lightly strained samples.
Experiment and results

Sample preparation of silicon on insulator nanowires
The SOI patterned structures used in our studies consisted of 170 nm thick Si thin films wafer bonded to a 1 µm thick SiO 2 layer grown on a bulk silicon substrate. Poly-methyl methacrylate resist was used for electron-beam lithography for patterning of our SOI structures with a lateral dimension of 800 nm and a length of 15 µm. Reactive ion etching (RIE) with SF 6 at a flow rate of 30 sccm and a dc voltage of 100 V was used to etch away the unwanted top layer. Arrays of Si nanowire structures were fabricated with overall dimensions of 15 µm × 800 nm × 170 nm (length×width×height). A slight undercutting of the resist, resulting in a tapered wire crosssection, was obvious in the obtained structures due to the RIE process.
Experiment
CDI measurements were performed at beamline 34-ID-C of the Advanced Photon Source at Argonne National Laboratory, with an x-ray energy of 8.9 keV selected with a Si (111) monochromator. The x-ray beam was cut to dimensions 30 and 50 µm by using slits to preserve the transverse coherence properties [19] . The coherent beam was then focused with horizontal and vertical Kirkpatrick-Baez (KB) mirrors. The size of the focus was measured to be slightly less than 1.5 µm in both directions using crossed tungsten wires scanned across the beam. A schematic drawing of the experimental geometry is shown in figure 1 .
A confocal microscope [20] was used to pinpoint the specific nanowire structures to be measured. Off-specular (111) reflections of Si nanowires were chosen for CDI measurements and the incidence angle on the substrate was fixed to be 1
• . The long edge of the Si nanowire is along the (110) and the Q-vector is (111), inclined upward from the wire direction. The x-ray beam illuminates the wire approximately 25
• from perpendicular and at grazing incidence to the substrate. The far-field diffraction intensity was measured by a charged coupled device detector with 20 µm pixels, placed 0.7 m away from the sample, orientated at the corresponding (111) Bragg angle. Rocking curves were taken with a range of ±0.5
• in the rocking angle with 0.02
• increments, so that the oversampling conditions were fulfilled in all of the three dimensions. We previously showed [21] that the underlying SiO 2 layer swells gradually after prolonged exposure to such a strongly focused x-ray beam and this causes a local bending of the nanowire • in-plane and γ = 11
• out of plane.
over the width of the beam (about 1 µm) in the middle of its length. A series of 20 measurements were made at intervals of 15 min to observe the evolution of the diffraction pattern. The total time required to record a 3D rocking curve scan was about 20 min. Our previous results show that the peak distribution width increased approximately linearly with exposure time. Crosssectional slices through these 3D diffraction patterns are shown in figure 2 at representative times during the evolution. Figure 2 (d) was the last recorded diffraction pattern before it disappeared. After 240 min of exposure, the measurement time was increased by a factor of 4 to achieve the same total integrated intensity as earlier measurements of the same nanowire. These measurements record the evolution of silicon nanowire as it is bent by the swelling of the underlying oxide under irradiation. The irradiation behavior was reproducible and observed repeatedly on fresh wires [20] . It could be prevented by maintaining the sample in an inert He atmosphere, hence it was attributed to beam-induced oxidation of the substrate [20] .
Finite-element-analysis (FEA) simulation
We also showed previously [21] that the redistribution of intensity in the Bragg peak, and notably the progressive splitting of its center into two distinct sidelobes during the time series, could be explained by bending of the SOI wire under radiation-induced stress from SiO 2 . This was achieved by FEA using the COMSOL program. In this work we use that FEA model as a constraint in the GPER data fitting procedure. It was necessary to conduct FEA calculations in the same coordinate system as the measurements, so the simulated nanowires were rotated to the crystallographic orientation that was used in the experiment. A Gaussian x-ray probe with full width at half maximum of 1.5 µm, was then used to simulate the diffraction pattern. The Gaussian function was used to model the beam illuminating the sample in one direction only. In the other two (transverse) directions, the sample edges are well defined and fully illuminated. Along the length of the wire, the Gaussian is a fairly rough approximation to the central maximum only and ignores the sidelobes expected for the illumination profile. This is justified mainly because there is very little structure in the data along this direction, which is therefore less important than the other two directions. We have performed reconstructions with slightly different illumination profiles by variation of the Gaussian function full width at half maximum. Very little effect was observed in the final reconstruction results. If the exact structures of the sidelobes were known, then more accurate reconstruction results could in principle be obtained. Both simulated and measured data for various x-ray exposure doses are presented on the same sampling grid in figure 2.
Guided-phase error reduction iterative algorithm
Traditional phasing algorithms utilize a direct-space constraint in the form of a 'support', a volume of space in which the solution is allowed to exist. The GPER algorithm generalizes this idea to a 3D complex 'support', using the model as an additional direct-space constraint on phases. Since the traditional phasing algorithms converge well for images within π/2 of the correct answer, it was expected that an FEA model that comes within π/2 of the correct image phase at each location would be sufficient to guide the phase to the correct value. In this work, we define the support amplitude by first estimating the auto-correlation function of the diffraction intensity, then gradually refine the support by testing and trying reconstructions.
In GPER, if the phase values at each voxel of the current iteration lie outside an allowed range defined by the FEA model they are set to those extreme values, otherwise the phase values are kept unchanged. Typical bounds were ±0.5π to ±0.9π depending on the datasets. This extra step is followed by the standard support constraint projection of the ER algorithm, whereby all of the density points outside the object boundary are set to zero. The phase constraint could be incorporated into a complex 'support' function, derived from the best-fitting FEA model that was used as the real-space constraint in the GPER algorithm.
Previous analyses by Huang [17] and Minkevich [14] have demonstrated the power of various direct-space constraints which have led to an improvement in convergence and better filling of the density of reconstructions from the CDI data of highly strained objects. Huang et al [17] discovered that implementation of phase-constraint in direct space is equivalent to the usage of a tight-support constraint and that application of both led to correctly focused solutions. Newton utilized a direct-space density gradient minimization method that is related to compressed sensing techniques [22] . In order to reconstruct highly strained CDI data, it is necessary to use a priori information about the sample [14] . Our method shares similarities with Fresnel CDI which utilizes a known curved illumination [23, 24] to avoid the twin confusion problem that is common in phase retrieval. Our method also bears strong similarity to phase retrieval in surface x-ray diffraction where a model of the bulk crystal is used as a reference in phase retrieval to produce an image of the surface structure [25] .
Observation and interpretation of new structures
The best-fitting FEA model phase structures of SOI nanowire with various irradiation doses are illustrated in the top panel of figure 3 . The phases were calculated by taking the scalar product of the displacement with the reciprocal-space Q-vector for the (111) crystallographic planes of the silicon nanowire. The phases shown in the top panel in figure 3 represent projected displacements resulting from strains induced from bending of the SOI nanowire, with applied stresses on the SiO 2 underneath the Si nanowire having the maximum values indicated. The diffraction patterns in figure 2 are the Fourier transforms of these model structures after adjusting the maximum applied stress value to agree with the data. Figure 3 middle and bottom panels show amplitudes and phases (two-dimensional crosssectional view cut-plane) of the final GPER reconstructions of the SOI nanowire with increasing x-ray radiation doses, from 45 to 240 min exposure time, respectively. The density is filled in reliably over the body of the nanowire, with some residual modulations associated with its strong phase structure. The two ends of the nanowire reconstructions are rough because the confined x-ray illumination between the ends of the nanowire, as observed previously [26] . The surface roughness of the reconstructed amplitude of the SOI nanowire might reveal the effects of the ions used to etch the sample surface, although other factors may contribute also.
We find that solutions are relatively stable after 30 iterations of GPER, the error-metric χ-square is relatively low, and calculated diffraction patterns have around 3% deviation from the measured data. Reconstructions performed starting with up to 25% values of applied Gaussian stresses of the FEA models all produce the main features, both phases and amplitudes, though some small derivations of the phase features are present. The supports used for the reconstruction were determined from the 3D autocorrelation of the data.
1µm Our GPER method gives stable, reproducible results for some range of starting phase structures. To illustrate the performance, we performed convergence tests in figures 4 and 5. In figure 4 , we varied the initial phase structure by varying the maximum Gaussian stress in the starting model from 350 to 550 MPa. All of the reconstructed phases have similar main features, with very little variations of small features. In figure 4 , the resulting defect features are also shown to be reproducible when changing the initial phase structures used to seed the phasing algorithm, and with different initial random amplitude starts. Both of these results show that our reconstructions converge with a relatively high degree of reliability. To facilitate comparison of the reconstructed phases images, the phases were aligned by adding a constant offset. The main defect structures are found to be reproducible. There are some non-reproducible phase 'vortex' structures at the very top and bottom of the images where the amplitude is very weak and the phase is noisy. These have been identified previously as a sign of poor convergence [27, 28] We have performed simulation studies on the robustness of the GPER algorithm. Figure 6 shows that the radius of convergence of GPER is relatively limited: one needs to get very close phase models to correctly guide the reconstructions. Figure 6 phase model, only partially converged reconstruction results. Also, there is a strong coupling with the support: we previously showed that switching between planes of a two-plane object could be controlled by the choice of support [17] .
To view the distortions associated with the last state of bending before fracture, we show an image of the difference between the phase of the FEA model and the reconstructed data for the 240 min x-ray dose in figure 7 . Three characteristic phase structures have appeared, each with a distinct phase wrap (−π to π ) following an undulating plane traversing a localized region of the nanowire. Figures 7(b)-(d) show that these features are present throughout the thickness direction of the SOI nanowire, measured to be 160 nm, and extend over 200 nm laterally. It is a clear indication of the insertion or deletion of a single plane. This phase is a projection of the lattice distortions onto the (111) Q-vector, which points along the (110) long axis of the wire, and is inclined slightly above the plane. Such a phase wrap is a clear indication of the insertion of a single plane of atoms and the relaxation of the strain field surrounding it.
The origin of the phase wrap is illustrated in a model calculation in figure 8 . An edge dislocation has a simple strain structure whose phase, the displacement projection onto a perpendicular Q-vector, is just equal to the angle around the dislocation edge [29] . Two parallel, opposite-signed dislocations represent a finite region of space containing an inserted (or deleted) plane of atoms. The superposition of the two strain fields is calculated in figure 8 . At long range the stain cancels out, while close to the added plane it introduces a +π phase shift on one side and −π on the other side. A dislocation loop has a similar structure, but is confined in the third dimension as well. Hence, we identify these features as dislocation loops, viewed edge on, as indicated schematically in figure 7 (e). The two structures on the lower side of the wire are roughly planar, while the one on the upper side in figure 7 appears doubled, possibly by the merging of two nearby loops. It is important to note that only the component of lattice distortion along the (111) direction is resolved, hence, some parts of the structure may be concealed. There is also some noise in the images from the phase subtraction procedure, but the presence of phase wraps is very clear. Some of the jagged appearances could be due to relative movement of the beam and sample [30] or from fluctuations during the exposure. It is probably significant that all of the three dislocation loops have formed away from the central region of the highest beam intensity, very roughly at its half-maximum point, and that the phase wraps have opposite signs on the two sides. According to the model above of radiation induced swelling of the underlying oxide, these will be the points of maximum stress gradient with a significant shear component.
A previous coherent x-ray diffraction study of dislocations in bulk silicon showed a localized streaking of the Bragg peak whenever the scanned x-ray beam crossed over a dislocation loop [9] . The interpretation of the streaking was due to an extended planar structure trapped between two partial dislocations forming the loop, extending over several hundreds of nanometers. The authors of [9] have not presented any images of the structures obtained by inverting their diffraction patterns; direct comparison with our diffraction patterns is not possible because of the dominant contribution of bending in our data. Simulation of the phase representing the projection of the displacement fields generated by two opposite dislocations a certain distance apart. The colorbar represents phases, which are the projection of local displacements onto a Q-vector running down the page. A phase wrap is generated in the vicinity of the added plane between the two dislocations.
The close agreement of the FEA model with the experimental data means that we can trust the input parameters quite well. The peak stress within the radiation-sensitive SiO 2 layer was 450 MPa for the case when the dislocation structures started appearing. This marks the beginning of plastic deformation and gives an estimate of the elastic limit of Si in this geometry. The COMSOL analysis allows us full access to the elastic stress-tensor components three dimensionally in the whole nanowire structure. Directly reading from our FEA model, the stress within the Si wire is highly anisotropic. The maximum stresses of the diagonal tensor components near the edges of the silicon nanowires were 330 MPa; the maximum shear stresses were around 176 MPa. This number for the elastic limit of Si is comparable with the experimental values for fracture stresses [4, 5] . It is possible that there may be some radiationinduced weakening of the Si, and also that there are unresolved artifacts of the RIE procedure used to make the nanowires giving rise to weak points in the structure.
Conclusion and future outlook
Imaging of 3D dislocations by high-resolution transmission electron microscopy [31] represents an important step toward the understanding of imperfection of semiconductor nanostructures. Previous studies on stacking faults/dislocations on metals suggest [32] that the deformation mechanism of metals is dependent on the ratio of stacking fault energy to unstable stacking fault energy. The studies also suggest that quantitative mapping of 3D deformation mechanism of metals or other materials in general purely by simulations is still at its infancy, because the current simulation methods could only allow investigations on scenarios of high stress with short timescale [32] . Further experimental evidences have to be obtained along with theory to enable the complete understanding of plastic deformation of metals and other materials.
BCDI using Bragg peaks from crystalline samples is extremely strain sensitive and can be used to study highly strained objects. Various dislocation structures in silicon occur when the applied external stress is close to the elastic limit, i.e. when silicon begins to break. Dislocations, which can be edge, screw or a mixture of the two types, are found to be present in plastically deformed silicon of various types [33, 34] . Our observation of dislocations within SOI under high x-ray doses further demonstrates that BCDI is a good technique for analyzing dislocation/defects within nanostructures in a quantitative way. Strains and deformations of epitaxial SiGe have been observed in SOI micro-pad structures due to industrial processing [35] using x-ray ptychography [36] . This method should, in principle, be able to solve the strong phase CDI problem. The ptychography technique, especially in Bragg geometry, is still under development.
The cross-sectional shapes of the SOI nanowire structures are well-determined transverse to the wire direction. Here, the sample is smaller than the beam and can be assumed to be uniformly illuminated, entirely within its central maximum which has no phase. Along the wire direction, however, the shape is not well determined and shows ragged ends. This is understood to arise from the simplified modeling of the illumination profiles by a Gaussian function instead of the opposite-phase sidelobes expected for the KB mirror focusing system with a rectangular entrance aperture. In the future, it might be possible to gain further information by using the scanning Bragg ptychography method mentioned above [36] .
Our studies have demonstrated the novelty of BCDI for successful probing of the evolution of nano-scale strains in nanostructured silicon with increasing x-ray radiation doses. The transformation of SOI nanowire structures can have a crucial influence on nanomechanics under various device-operating conditions, such as radiation, heat and pressure. Our work provides an improved understanding of the dislocation-forming processes in semiconductors in general, and this technique could be promising for pinpointing the underlying mechanisms that are responsible for observed improvements on carrier mobility in SOI-based electronic devices [37] .
